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I. INTRODUCTION
Olive-oil mill wastewater (OMW) is a highly toxic agro-industrial effluent that results from the oil extraction process on olive fruit. The high chemical oxygen demand (COD) values of OMW are primarily due to the presence of recalcitrant compounds, such as phenolics, and the uncontrolled release of this wastewater can cause serious environmental issues. In fact, these phenolics restrict the use of ordinary biological processes to treat OMW [1] , [2] . Extraction of oil from olive fruit is carried out either by the press process or by a solid-liquid centrifugal system. The estimated yearly production of OMW is more than 30 million m 3 . OMW is composed of many complex colored and recalcitrant substances (COD: 45-170 g l -1 ) [2] , [3] . Although diluting OMW decreases the concentration of toxic phenolics, reaching the standards for final effluent discharge significantly increases waste volume, which is undesirable from an industrial viewpoint [4] , [5] . Various combinations of physical-chemical techniques have been used for total phenolics (TP) and COD removal with limited success such as ultra-filtration, reverse osmosis, ion exchange, and adsorption which are non-destructive and the pollutants are simply transferred from an aqueous system to a solid matrix [6] , [7] .
A wide range of microbial systems, including fungi and bacteria, have been used for OMW bio-treatment, and studies on the capacity of R. eutropha in degrading recalcitrant compounds have shown the potential of this Gram-negative bacterium for the biological treatment of OMW [8] , [9] . R. eutropha is a flagellated bacterium, and a number of studies in recent years have been directed towards describing the relationship between the chemotactic ability of aerobic motile bacteria and environmental biotechnology [10] , [11] .
Response-surface methodology (RSM) as a suitable statistical approach has been widely used for optimization of various chemical/biochemical processes. An experimental design method, such as central composite design (CCD), combined with the use of least-squares techniques, is often applied to construct a mathematical model that appropriately defines the quantitative relationships between test parameters and response variables in a system under study [12] .
Although the complex matrix of OMW considerably affects wastewater treatment options, by choosing optimal operating conditions, it should be possible to achieve a high level of performance with this microbe. The objective of the present work was to first evaluate the capacity of OMW to support the growth of adapted R. eutropha (a simple protocol was used in our previous work to adapt R. eutropha) [13] . Biodegradative capacity of R. eutropha under influence of some selected factors was optimized in the present study using RSM as statistically-based design of experiment (DOE) and an empirical model for OMW biodegradation with this adapted bacterium was developed to study relationships between the selected test parameters and the biodegradative capacity of R. eutropha.
II. MATERIALS AND METHODS
The OMW sample used in this study was obtained from an industrial plant in the Roodbar region of Iran. This plant uses a three-phase centrifugation system for the oil extraction. The OMW used in this study was rapidly (<15 h) transported to the laboratory under refrigeration and stored at -20°C until use. 4 .7H 2 O, 0.05. This medium was sterilized by autoclaving it at 121°C for 20 min. The inoculated cultures were incubated at 30 °C in a shaker incubator (100 rpm) for 24 h. A simple protocol was used in our previous work to adapt the bacteria [13] .
C. Biodegradation Study OMW samples (50 mL) in 250-mL Erlenmeyer flasks were sterilized at 121°C for 15 min. The adapted inocula, prepared as described in our previous work [13] , were added to each test flask at a specified volume. The incubation conditions in the shaker-incubator were 100 rpm at 30 °C for 20 days.
D. DOE and Data Analysis
For optimization of TP and COD removal, three experimental factors were chosen namely, pH of the substrate (x 1 ), the inoculum size (x 2 , InocS), and the substrate dilution ratio (x 3 , SDR= OMW: H 2 O). RSM with CCD in the form of 2 3 full factorial design was used, where the total number of experimental runs was based on n= 2 k +2k +m ("k' as the number of factors and "m' as the repeat experiments at the center point of the design). Because the face-centered-design only uses three levels of each test factors, this design was used in the present study (FCCCD) [14] , [15] .
In the present study the 250-mL flasks, each containing 50 mL of inoculated OMW, were arranged according to the CCD given in Table I . This design is suitable for exploration of quadratic response surface and allows development of a second-order polynomial model as follows (1):
where y i is the predicted response, βs are polynomial coefficients, and x i and x j represent coded levels of the test variables and their interactions. The coefficients in the above equation were calculated by multiple regression analysis on the experimentally obtained data and then predicted level of y i was estimated (y 1 TP removal or y 2 COD removal).The Design Expert software (version 7.4, Stat Ease) was used for regression and graphical analyses of the results.
E. Analytical Methods
Concentration of total phenolics was determined by the Folin-Ciocalteau method [13] , [16] , [17] . All of the TP measurements were reported as caffeic acid equivalents. COD measurements were performed according to the standard methods for the examination of water and wastewater [18] .
III. RESULTS AND DISCUSSION

A. Model Fitting by DOE
The framework of the RSM consists of arranging a set of experiments such that the experimenter is statistically able to suggest an appropriate mathematical model by finding the relevant coefficients and controlling the adequacy of the constructed model through a residual analysis [14] , [15] . The independent variables and their levels, according to the arrangement given by the CCD method, used to develop the model are shown in Table I A) and A) second-order polynomial regression equation was constructed, (1) . Table I B) shows responses measured experimentally for the list of 17 runs along with the predicted results obtained from the regression equations. The point in this study was to use a statistical modeling technique to obtain an empirical mathematical equation able to reproduce the experimental data. Model summary statistics in Table II represent the adequacy of the quadratic function model. The results of the hypothesis test of the suggested regression equation were analyzed by ANOVA to evaluate lack of fit. The F-statistic value for the constructed model for TP removal was calculated as (MS for model )/(MS for residual ) = 471.41 > F tabulated,df(9,7) = 3.68 and the F-statistic for the lack of fit was (MS for lack of fit )/(MS for pure error ) = 2 <F tabulated,df(5, 2) = 19.30. The P-values for "lack of fit" (Prob >F) were 0.3658 for TP-and 0.9223 for COD-removal, indicating that "lack of fit" was insignificant and the adequacies of the models were supported. Table II also shows the statistical parameters obtained from the ANOVA test for the fitted models. The R 2 coefficient of the determination gives the proportion of the total variation in the response, which is explainable by the predictors included in the fitted model. R 2 equaled 0.9984 and 0.9963 for TP and COD removal, respectively, and standard deviation (SD) equaled 7.56E-03and 3.86E-03 for TP and COD removal, respectively. These were indicative of good fitting of the quadratic model with the experimental data. The coefficient of variation (CV), which provides variability in the sample with respect to the mean, is calculated by dividing the standard deviation by the sample mean, and is indicative of the reproducibility of the predicted model. As a general rule, a model is reproducible when the CV value is less than 10%; thus, both predicted models for the pollutant removal indices were reproducible (Table II) . Moreover, an adequate precision value gives a measure of the signal-to-noise ratios, which in the present work were 65.17 and 57.39 for TP and COD removal, respectively, indicating an adequate signal (a ratio >4 is desirable). The contribution of organic substances to the COD value of the investigated OMW was found to be extensive, and the molecular pattern for biological COD removal could be different than the TP removal pattern. High R 2 values do not necessarily mean that the decreases of these two pollutant indices follow the same molecular patterns. Different types of molecular mechanisms support the involvement of the different enzyme(s) in the catalysis of biodegradation processes in the same wastewater [19] . OMW, as an agro-industrial wastewater, consists of mixtures of natural substances with variable composition, mainly due to seasonal changes and varied processing conditions. All of these The estimated regression coefficients in terms of coded independent variables are calculated and the significance ranking of the coefficients in the present study was as follows:
For TP removal: First-order main effect of pH > quadratic main effect of pH > first-order main effect of SDR > quadratic main effect of SDR > quadratic main effect of InocS > first-order main effect of InocS > interaction effect of pH and InocS > interaction effect of pH and SDR ≈ interaction effect of InocS and SDR.
For COD removal: First-order main effect of SDR > first-order main effect of pH > quadratic main effect of pH > interaction effect of InocS and SDR > quadratic main effect of InocS ≈ quadratic main effect of SDR > interaction effect of pH and SDR > interaction effect of pH and InocS > first-order main effect of InocS. The quadratic polynomial regression model in terms of coded factors for TP removal was: 
The model for the COD removal was: These proposed models were used to predict the biodegradation of OMW by R. eutropha within the limits of the experimental parameters.
Residuals, (SS res =∑(y i -ŷ i ) 2 ), as a measure of predicting ability of suggested model in giving mathematical description for the experimental data are usually analyzed using some graphical techniques in which the assumption of randomness, normality, independence, and constant variance can simply be checked and detection of model failure graphically becomes possible [14] . The normalized plots of the residuals are shown in Figs. 1a and a linear pattern showed normality in the error term for both of the OMW pollution-reduction indices. The other plots of the residuals presented in Fig. 1 also show equal scatter above and below the x-axis. The same trend was seen for Residual analysis for COD removal (data not shown). This diagnostic checking implies that the proposed models for OMW pollution reduction were adequate in estimating experimental data within the defined range used in the present study and no violations of the independence or constant variance (2) and (3) indicates an enhancement effect of pH on OMW biodegradation, i.e., the efficiency of TP-and COD-removal increased as the pH was increased, although the effect of pH on TP-removal efficiency was higher than that for COD removal. Table III summarizes the effect of the tested pH values on the OMW degradation rate when undiluted OMW was examined as the substrate. The rate of TP removal at a pH 5 was 0.077 ppm day -1 over the first four days of incubation. As the system pH increased to pH 7, the rate of TP removal increased by 1.5 times and the trend of increase continued up to a pH 9. Almost the same trend was observed for the changes in COD removal (Table III) .
Substrate dilution ratio, as the regressor under study, similarly affected both TP-and COD-removal, i.e., a higher dilution of the substrate corresponded to less biodegradation. In other words, the less diluted OMW was a more suitable substrate to express the phenolic degradative ability of R. eutropha. The degradative capacity of a microbe strongly depends on the concentration of the target pollutant in the test system. The mineralization of organic pollutants present in nature at very low concentrations may be carried out by microorganisms whose growth is supported by other organic compounds present in higher quantities, while high levels of easily metabolized compounds have been shown to cause repression of the degradation of a less readily metabolized compound [20] . The chemotaxis ability of R. eutropha and its physiological adaptation facilitate cellular consumption of less readily metabolized substances when the microorganism relies on these types of substrates as the sole source of carbon and energy [9] . In the present work, a comparison between undiluted and diluted OMW showed that undiluted OMW was more suitable for evaluating the degradative ability of R. eutropha, (See (2), (3)) and R. eutropha adaptation was successfully performed. Phenolic stress is described as a constellation of inhibitory characteristics of phenol on microorganisms. Phenol localization in the lipid fraction of the cell membrane changes the membrane fluidity, and in this way phenol exerts its toxic effect on cell growth. Changes in the cell membrane integrity are also related to the inhibitory effect of phenol on the phenol hydroxylase enzyme, which is putatively associated with the cell membrane [21] . The phenolic tolerance of R. eutropha in the present work confirmed the successful performance of the adaptation process. The joint effects of (pH)(InocS) and (pH)(SDR) on COD removal were both positive, while these interactions negatively affected TP removal (see (2) and (3), showing the relevant coefficients). Thus, those interactions affecting TP removal were indicative of an increase in pH, while a simultaneous decrease in SDR related to an increase in TP removal.
A. Effect of Test Factors on OMW Biodegradation-RSM Plots
Three-dimensional (3D) response surface curves and two-dimensional (2D) contour plots are the graphical representations of the regression equations, and are used to better understand the joint effects of the selected factors on the test response of TP and COD removal and obtain the optimum level of each variable for the target response, with the ultimate intent to facilitate the interpretation of findings. Each response surface and contour plotted for the OMW pollution reduction by R. eutropha represents different combinations of two independent variables while holding the third independent variable constant at some specified level within the range of the experimental parameters. There are six pairs of response surfaces and corresponding contour plots in the present work, wherein two typical plots are shown in Fig 2 and Fig.3 . The convex response surface curves reveal the existence of well-defined optimum levels for the test factors [22] . The joint effects between the test variables affecting the response can be better described from the 2D contour plots, wherein their elliptical shapes indicate the presence of an interaction. The highest observed TP removal corresponded to a pH range of 7.8 to 8.6 and an SDR range of 1:0 to 1:0.3. The surface plots for COD removal are also shown in Fig. 3 and the similar trend was seen for this response. The descending profile of COD removal shows the highest level of this response was at the highest concentration of OMW (undiluted OMW). As can be seen from this figure, an increase of pH in the limited range of 7.8 to 8.5 resulted in an increase of COD removal of up to almost 37%; thereafter, the trend of COD removal decreased as a function of increasing system pH, while the variation of SDR with respect to COD removal was almost linear. These results can be verified by the contour plot depicted in Fig. 3a . The results shown in Fig. 3 can be interpreted as the sign and definition given for the relevant regression coefficients ((3)).The positive sign for the interaction between pH and SDR indicates that a simultaneous increase in pH and SDR resulted in a higher level of COD removal, where SDR is considered the dominant term (Fig. 3) . 
A. Biodegradation Optimization by RSM
In the present study, two responses were of interest: OMW biodegradation was to be optimized not only in terms of COD removal but also in terms of TP removal, representing the primary substrate for R. eutropha growth and OMW degradative capacity in the mixtures of phenolics, respectively. The optimal biodegradation conditions in terms of TP and COD removal were determined through the reduced regression models shown in Table IV and according to the function of desirability as described by the Design Expert 7 software, two criteria were applied to maximize the TP and COD removal for the optimization of OMW biodegradation by R. eutropha. Table IV summarizes the results for the optimal solutions given by the software. Since the use of undiluted OMW is of primary concern for reasons of cost and practicability, undiluted OMW and a low level of InocS (5%) were selected to obtain the predicted responses, while the system pH was maintained in the range from 7.9 to 8.4.
IV. CONCLUSION
The use of either naturally occurring or laboratory-cultivated microorganisms for the reduction or elimination of toxic pollutants is a point of great interest in environmental biotechnology. R. eutropha was successfully adapted to OMW and the relationship between the adapted bacterium and OMW biodegradation was quantitatively satisfied using an RSM technique. The predicted values for the pollution-reduction responses obtained from the empirical models were compared to experimental values and coefficients of determination wherein they revealed a good agreement between these two sets of values. The identification of optimal values demonstrated that undiluted OMW was suitable for maximum R. eutropha performance, i.e., pollutant removal was less efficient when the adapted R. eutropha were cultured in diluted OMW. A pH of 7.9 to 8.4, InocS of 5%, and SDR of 1:0 were identified as the optimal process values from the process optimization results. OMW without any pretreatment including water dilution was identified as the optimal substrate in this study. Thus, the reduction in the volume of the waste treated is clearly economical. The use of this adapted microbe has great potential for practical application in this particular bio-treatment.
